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Background: Beta cell VEGF-A is critical for islet vascularization and Insulin secretion.
Results: VEGF-A release and synthesis in beta cells are regulated separately. Sustained hypoglycemia reduces beta cell mass
through a decrease in Vegf-A signaling.
Conclusion: Beta cell mass can be regulated via modulated Vegf-A signaling.
Significance:Our data reveal a novel pathway for regulating beta cell mass physiologically.

VEGF-A expression in beta cells is critical for pancreatic
development, formation of islet-specific vasculature, and Insu-
lin secretion. However, two key questions remain. First, is
VEGF-A release from beta cells coupled to VEGF-A production
in beta cells? Second, how is the VEGF-A response by beta cells
affected by metabolic signals? Here, we show that VEGF-A
secretion, but not gene transcription, in either cultured islets or
purified pancreatic beta cells, was significantly reduced early on
during low glucose conditions. In vivo, a sustained hypoglyce-
mia in mice was induced with Insulin pellets, resulting in a sig-
nificant reduction in beta cell mass. This loss of beta cell mass
could be significantly rescued with continuous delivery of exog-
enous VEGF-A, which had no effect on beta cell mass in nor-
moglycemicmice. In addition, an increase in apoptotic endothe-
lial cells during hypoglycemia preceded an increase in apoptotic
beta cells. Both endothelial and beta cell apoptosis were pre-
vented by exogenous VEGF-A, suggesting a possible causative
relationship between reduced VEGF-A and the loss of islet vas-
culature and beta cells. Furthermore, in none of these experi-
mental groups did beta cell proliferation and islet vessel density
change, suggesting a tightly regulated balance between these
two cellular compartments. The average islet size decreased in
hypoglycemia, whichwas also prevented by exogenousVEGF-A.
Taken together, our data suggest that VEGF-A release in beta
cells is independent of VEGF-A synthesis. Beta cell mass can be
regulated throughmodulated release of VEGF-A frombeta cells
based on physiological need.

The vascular endothelial growth factor (VEGF)2 family is
composed of six secreted proteins: VEGF-A, -B, -C, -D, -E, and

placental growth factor. VEGF-A plays an important role in the
reciprocal interaction between endothelial cells and surround-
ing tissues during development, regeneration, and carcinogen-
esis (1–3). By differential mRNA splicing, the murine Vegf-A
gene can give rise to three protein isoforms, VEGF120, VEGF164,
andVEGF188.WhereasVEGF188 is heparin-binding andmainly
associated with the cell surface and with the extracellular
matrix, VEGF120 is freely diffusible due to the lack of exons 6
and 7 that encode heparan-sulfate proteoglycan binding
domains. The predominant isoform, VEGF164, appears to have
the highest bioavailability and biological potency, and exhibits
only partial binding to the cell surface and extracellular matrix
(2, 4, 5). VEGF-A has two tyrosine kinase receptors, VEGF
receptors 1 and 2 (VEGFR1 and VEGFR2) (2, 3). VEGFR2 is
expressed mainly by endothelial cells and mediates most of the
biological effects ofVEGF-A, including blood vessel growth and
branching, endothelial cell survival, and vessel permeability.
VEGFR1 is expressed by endothelial cells and many other cell
types and its functions and signaling properties are develop-
mental stage- and cell type-dependent (2). VEGFR1 binds
VEGF-Awith very high affinity, but only induces weak tyrosine
autophosphorylation, suggesting a possible competitive inhib-
itor role in attenuating the biological activity of VEGF-A.
VEGFR1 also binds placental growth factor andVEGF-B,which
further complicates our understanding of the regulation of vas-
cular networks (2, 3). Although both VEGFR1 and VEGFR2 are
expressed by islet endothelial cells (6–8), VEGFR1 may play a
more important role than VEGFR2 in the intra-islet microvas-
culature (9). Because VEGF-A mRNA and protein levels have
been shown to be closely correlated with each other in many
biological systems (10–12), VEGF-A transcription levels have
frequently been used to represent the levels of VEGF-A synthe-
sis. The most well known and extensively studied regulator for
VEGF-A is oxygen tension, in which hypoxia strongly increases
Vegf-A transcription via up-regulation of hypoxia-inducible
factor 1 (2, 3, 13, 14).
Pancreatic islets contain a 5-fold denser capillary network

than the exocrine pancreas, and have specialized capillary fen-
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estrations. There is an intimate association between beta cells
and the islet vasculature, with one cell domain abutting an
afferent capillary, whereas another abuts an efferent capillary
(9, 15–17). Although VEGF-A, -B, -C, -D, and placental growth
factor are all expressed in pancreatic islets (8), VEGF-A, which
is predominantly produced by beta cells, had been shown to
play a critical role in mediating signaling from beta cells to islet
endothelial cells for proper pancreatic organogenesis, islet-spe-
cific capillary formation, and beta cell function (6–8). Beta cells
promote endothelial cell recruitment, proliferation, growth,
and extensive islet vascularization through angiogenic factors
like VEGF-A, whereas endothelial cells also appear to signal
back to beta cells to promote islet development and maintain
beta cell homeostasis (1, 18–20).
VEGF-A has been reported to be essential for islet revascu-

larization following islet transplantation (7, 21, 22). Gene dele-
tion studies have shown that VEGF-A produced by beta cells is
necessary for the maintenance of intra-islet endothelial cells
and islet-specific capillary fenestrations, which are necessary
for normal beta cell function and insulin secretion (7, 8, 19, 23).
Interestingly, genetic overexpression of Vegf-A in beta cells
resulted in islet hypervascularization, but the effect on beta cell
mass and beta cell function differed among studies (18, 24–26).
In general, the physiological effects of VEGF-A are known to be
dosage-dependent over a fairly narrow physiologic range (2, 3).
It was shown that a 2-fold deviation (increase or decrease) in
Vegf-A levels could lead to significant defects in some develop-
mental systems (27, 28). In addition, absence or overexpression
of Vegf-A may change the expression of other VEGF family
members, or activate other compensatory pathways (2, 3, 8, 13).
These epiphenomena can diminish the power of VEGF-A gene
deletion or overexpression models because the relatively
extreme changes in VEGF-A levels in such studies do not nor-
mally occur physiologically, which may explain the discrepan-
cies between the previous studies (18, 24–26).
As a secreted peptide, VEGF-A has a surprisingly intense

intracellular immunohistochemical signal in beta cells, suggest-
ing that its secretion may be regulated (6–8). However,
although previous studies in beta cells have reported that
VEGF-A production can be affected by glucose levels (29, 30), a
possible separate regulation of VEGF-A release and VEGF-A
synthesis in beta cells has not been examined.
In the current study, we show a reduction of VEGF-A release,

but not production, by islets or purified beta cells in low glucose
culture. To mimic in vitro low glucose culture, insulin pellets
were given to mice to induce sustained hypoglycemia for 1
month, resulting in a 22% reduction in beta cell mass. Impor-
tantly, exogenous physiologic doses of VEGF-A could partially
rescue the loss of beta cell mass in these hypoglycemic mice.
Further dissection of cell apoptosis, proliferation, and vessel
area in this study allow us to propose amodel in which beta cell
mass is regulated by the glucose level, via modulating VEGF-A
in beta cells.

EXPERIMENTAL PROCEDURES

Mouse Manipulation—All mouse experiments were per-
formed in accordance with the guidelines from the Animal
Research and Care Committee at the Children’s Hospital of

Pittsburgh and the University of Pittsburgh IACUC. Both
C57/6 and mouse insulin promoter GFP reporter (MIP-GFP)
(C57/6 background) mice (31) were purchased from the Jack-
son Laboratory. For both strains, only 8-week-old males were
used for experiments. To induce sustained hypoglycemia, each
mouse received subcutaneous implantation of 2 mouse insulin
pellets (LIN�IT) at the back side of the neck, according to the
manufacturer’s instruction. To provide continuous exogenous
VEGF-A to themice, eachmini-osmotic pump (ALZET,model
2004; 4 weeks content release) was filled with 1.5 �g of recom-
binantmouseVEGF-A (R&D) 40 h before implantation into the
abdomen of mice by surgery. Non-fasting blood glucose mea-
surements of mice were performed at 8 a.m.
Isolation and Culture of Islets and Beta Cells—For islet isola-

tion, pancreatic duct perfusion and subsequent digestion of
pancreas was performed with 0.3 mg/ml of collagenase. Islets
were hand-picked three times to avoid contamination of non-
islet cells (32). Purity of the islets was confirmed by absence of
Amylase and Ck19 transcript in the RNA samples extracted
from the isolated islets.
For isolation of beta cells by fluorescence-activated cell sort-

ing (FACS), islets that were isolated from MIP-GFP mice were
further dissociated into single cells with DNase (Roche Applied
Science, 10 �g/ml) and trypsin (20 �g/ml) (Sigma), filtrated at
30 �m, and sorted for beta cells with a FACSAria (BD Biosci-
ences) based on green fluorescent protein, as described (33).
Flow cytometry data were shown by FlowJo (Tree Star Inc.).
For isolation of beta cells by laser-capture microdissection

(LCM), 1 week after various treatments, MIP-GFP mouse pan-
creas was harvested, treated with RNAlaterTM (Qiagen), and
snap frozen in Tissue-Tek OCT (Sakura) under RNase-free
conditions. Frozen pancreas block was sectioned 10-�m thick
and mounted on RNase-free membrane-coated microscopy
slides (MolecularMachines and Industries,MMI). The sections
were air dried and processed with MMI CellCut Plus as
described (34, 35). LCMwas performed bymelting thermoplas-
tic films mounted on transparent LCMMMI isolation caps on
beta cells, visualized with their direct green fluorescence. The
system was set to the following parameters: 70% for the laser
power, 42% laser focus, and 28% laser speed. Purity of the beta
cells by FACS and LCM was confirmed by absence of Amylase
(acinar cell marker), Ck19 (duct cell marker), Vimentin (mes-
enchymal marker), CD31 (endothelial cell marker), Glucagon
(� cell marker), Somatostain (� cell marker), and Pancreatic
polypeptide (PP cell marker) transcripts, and enrichment of
Insulin transcript in the extracted RNA samples, as described
(33).
Isolated GFP� beta cells by FACS were suspended in a

24-well plate with Ham’s F-10 medium (Invitrogen) supple-
mentedwith 0.5%BSA (Sigma), 2mMglutamine, 2mM calcium,
and 5 mM glucose and re-aggregated for 2 h before overnight
culture (37 °C, 95% air, 5% CO2). Isolated islets were kept in the
same medium overnight. Thereafter, islets or beta cell aggre-
gates were cultured in 2, 5, and 20 mM glucose, respectively. At
0.5, 1, and 25 h (fresh medium with corresponding glucose is
supplied at the 24th h), cells or islets were harvested for RNA
extraction to examine the levels ofVegf-A gene expression after
conditionedmediumwas collected for VEGF-A enzyme-linked
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immunosorbent assay (ELISA). The number of cells in thewells
was manually counted, followed by total DNA extraction
(Qiagen). DNA content was determined by Nanodrop1000
(Thermo Scientific) correlated with manual counts, and was
used as an objective way to normalize released VEGF-A levels.
Quantitative Polymerase Chain Reaction—RNA was extracted

from harvested cultured cells or islets with RNAeasy (Qiagen)
and quantified with Nanodrop 1000 (Thermo Scientific),
followed by cDNA synthesis (Qiagen) (32). Quantitative
PCR primers were all purchased from Qiagen. They are
Cyclophilin A (QT00247709), Vegf-A (QT00160769), Ck19
(QT00156667), Amylase (QT00179242), Vimentin (QT00159670),
CD31 (QT01052044), Synaptophysin (QT01042314), Insulin

(QT00114289), Glucagon (QT00124033), Somatostatin
(QT01046528), and Pancreatic polypeptide (QT00103999).
Quantitative PCR were performed as described (32, 33) and
values of genes were normalized against Cyclophilin A, which
proved to be stable across the samples.
Nuclear Run-on Assay—The nuclear run-on protocol is per-

formed according to previous publications (36, 37). Briefly,
crude nuclei were prepared by detergent lysis, homogenization,
and re-suspension in 100 �l of nuclear run-on buffer (50 mM

Tris-HCl, pH 7.5, 5mMMgCl2, 150mMKCl, 0.1% Sarkosyl, and
10mMDTT), 1�l each of 10mMATP,GTP, andCTP, 1�l of 10
mM Br-UTP (Invitrogen), and 1 �l of RNaseOUT (Invitrogen).
Reactionmixtures were preincubated on ice for 3 min and sub-

FIGURE 1. VEGF-A release, but not transcription, from islets or beta cells was reduced in early low glucose culture. A, representative image of a histologic
section from a MIP-GFP mouse pancreas showing co-localization of insulin (INS, red) and GFP. B, FACS of MIP-GFP mouse islets: beta cells were isolated based
on green fluorescence. C-E, to examine whether VEGF-A release in beta cells is separate from VEGF-A synthesis, we analyzed the release and gene transcription
of Vegf-A by either isolated islets or re-aggregated beta cells at 0.5, 1, and 25 h (for the latter, fresh medium was added at 24 h) in serum-free medium
supplemented with 2, 5, or 20 mM glucose. C, quantitative RT-PCR was performed to check Vegf-A transcripts in cultured islets or beta cells. Cyclophilin A (cycloA)
was used as a housekeeping gene to normalize Vegf-A values. Exposure to high glucose did not change the levels of Vegf-A transcript, whereas exposure to low
glucose did not change the levels of Vegf-A transcript within 1 h, but did so at 25 h. D, nuclear run-on assay was performed on cultured islets or beta cells and
showed that nascent Vegf-A transcription did not change within the 1-h exposure to low glucose. E, total DNA content of the cells was used to normalize the
quantity of released VEGF-A into culture medium. VEGF-A release by either islets or beta cells was significantly reduced in 2 mM glucose (p � 0.05) at both 1 and
25 h. However, 20 mM glucose did not significantly increase VEGF-A release. *, p � 0.05; **, p � 0.01; NS, no significance; INS, insulin; HO, Hoechst. Scale bars are
30 �m.
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sequently at 28 ºC for 5 min. Run-on reactions were stopped by
addition of 350 �l of RLT buffer (Qiagen). RNAs were isolated
with RNAeasy kit (Qiagen) and incubated with 2 �l of anti-BrU
antibody (Sigma) in the presence of 2 �l of RNaseOUT at 4 ºC
for 2 h, immunoprecipitated with 10 �l of protein G-agarose
beads (Santa Cruz). Precipitated RNA was converted to cDNA
and quantified by quantitative PCR. NascentVegf-A transcripts
were normalized to cyclophilin A.
ELISA for VEGF-A—Cell culture media was analyzed using a

VEGF-ELISA kit (Raybio) according to the manufacturer’s
instructions, which detects both 120 and 164 isoforms ofmouse

VEGF-A. Each sample was assayed in duplicates and the mean
value was taken for statistical analysis.
Immunohistochemistry and Quantification—All pancreas

samples were fixed for 4 h in 4% formaldehyde, then cryopro-
tected in 30% sucrose overnight before freezing. Primary
antibodies for immunostaining are: guinea pig polyclonal insu-
lin-specific (Dako); rat polyclonal Ki-67-specific (Dako) and
CD31-specific (BD Biosciences); rabbit polyclonal synaptophy-
sin-specific (Invitrogen), and caspase 3-specific (Cell Signal-
ing). No antigen retrieval was necessary for these antigens,
except for caspase 3, which needsmicrowave treatment, and for

FIGURE 2. Reduction of beta cell mass during sustained hypoglycemia can be partially rescued by exogenous VEGF-A. A, experimental design. To
evaluate whether hypoglycemia has an effect on beta cell mass, insulin pellets were implanted subcutaneously in mice to induce sustained hypoglycemia (INS,
green). To check whether any effect of hypoglycemia on beta cell mass is due to the reduced VEGF-A, insulin pellet-treated mice were rescued with an
additionally implanted VEGF-A-releasing pump (INS � VEGF-A, purple). To exclude an independent effect of VEGF-A on beta cell mass, treatment with
exogenous VEGF-A alone (VEGF-A, red) was included as a control. The mice from both sham (Sham, blue) and INS groups also received a sham operation to
control for the effect of surgery. B, non-fasting blood glucose showed sustained hypoglycemia in mice that received either insulin only (INS, green) or a
combination of insulin and VEGF-A releasing pumps (INS � VEGF-A, purple). Mice that received VEGF-A pumps only (VEGF-A, red) were normoglycemic like
sham-treated mice (Sham, blue). C, beta cell mass analysis showed a reduction (p � 0.01) in insulin-treated mice (INS, green) compared with sham-treated mice
(Sham, blue). This reduction of beta cell mass was significantly attenuated (p � 0.05) in the insulin-treated mice that also received VEGF-A pumps (INS � VEGF-A,
purple). VEGF-A pump (VEGF-A, red) itself did not affect (no significance) beta cell mass in normoglycemic mouse controls. *, p � 0.05; **, p � 0.01.
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Ki-67, which needs pretreatment with protease for 5 min fol-
lowed by a 45-min incubation with 2 N HCl (neutralized with
Tris borate-EDTA buffer (Sigma)) as described (32, 33). Sec-
ondary antibodies for indirect fluorescent staining were Cy2-,
Cy3-, or Cy5-conjugated donkey anti-rabbit, anti-rat, anti-goat,
and anti-guinea pig (Jackson ImmunoResearch Laboratories).
Nuclear staining was performed with Hoechst (BD Biosci-
ences). Imaging of cryosections was performed as described
(32, 33). The quantification of apoptotic islet endothelial cells
was done by counting vessels (based on CD31 staining) that
contained caspase 3� cells. The quantification of apoptotic beta
cells was done by counting the beta cells (based on insulin stain-
ing) that were caspase 3�. Endocrine vascular density was
determined with ImageJ (NIH) software by measuring the per-
centage of CD31� area to the total islet area (based on synap-
tophysin staining). Average islet size from each pancreas was
determined based on 200 islets. For all these quantifications, at
least five pancreatic sections that were 100 �m apart from each
other were analyzed and five animals were used for each exper-
imental group. The beta cell mass was quantified on the basis of
10 sections that were 100 �m apart from each other, as
described before (32).
Data Analysis—All values are depicted as mean � S.E. Each

in vitro experimental condition contains 5 repeats. Each in vivo

experimental group used 5 mice. Significance is considered
when p � 0.05. All data were statistically analyzed by 2-tailed
Student’s t test.

RESULTS

VEGF-A Release, but Not Transcription, in Beta Cells Is
Reduced in Low Glucose—We examined the expression of
VEGF-A in normal mouse pancreas and found that VEGF-A
immunoreactivity was extremely strong in beta cells. Because
VEGF-A is a secreted peptide, this finding encouraged us to test
whether VEGF-A secretion is independent of VEGF-A synthe-
sis, and if so, how its secretion is regulated in beta cells. Because
glucose is a key regulator of beta cell function and insulin
release, we first tested the effect of altered glucose levels on the
release and production of VEGF-A. We isolated islets from
C57/6 mice and purified beta cells from MIP-GFP mice by
FACS (Fig. 1,A andB). After overnight culture in 24-well plates,
C57/6 mouse islets or re-aggregated MIP-GFP beta cells were
fed with fresh serum-free medium supplemented with 2, 5, or
20mM glucose, and analyzed at 0.5, 1, or 25 h (the latter was fed
with fresh medium at 24 h). After the conditioned media were
taken for VEGF-A ELISA, the remaining islets or cells were
harvested for RNA extraction and DNA content measurement.
Our data showed that neither low glucose nor high glucose

FIGURE 3. Vegf-A transcripts decrease in beta cells during sustained hypoglycemia. A, representative images before and after beta cell isolation from
MIP-GFP mice by LCM. B, levels of mRNA for CK19, Amylase, Vimentin, CD31, Synaptophysin, Glucagon, Somatostatin, Pancreatic polypeptide, and Insulin were
evaluated in the isolated beta cells by LCM to assure the purity of the beta cells. Gene values are normalized with cyclophilin A and compared with levels from
total pancreas. The Vegf-A transcripts significantly decreased in the beta cells from the hypoglycemic mice. *, p � 0.05.
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affected the levels ofVegf-A transcripts within 1 h (Fig. 1C), but
low glucose inhibited Vegf-A transcript levels after 24 h.
Nuclear run-on assay further confirmed that this constant level
of Vegf-A transcript after 1 h of low glucose culture was due to
unchanged Vegf-A transcription, rather than altered mRNA
degradation (Fig. 1D). Interestingly, on the other hand, VEGF-
A release into the culture medium was significantly reduced at
0.5 and 1 h under low glucose, although not significantly
increased under high glucose (Fig. 1E). These data suggest that
VEGF-A release, rather than transcription, may be a control
point for the early response of beta cells to low glucose.
Sustained Hypoglycemia Reduces Beta Cell Mass in Vivo—

We tried to determine the biological relevance of reduced
VEGF-A in low glucose. Because VEGF-A production and
release by beta cells is important for islet endothelial cell sur-
vival and proper islet vasculature maintenance, we hypothe-
sized that reduced VEGF-A release from beta cells under low
glucosemay decrease survival signals to islet endothelial cells, a
loss of whichmight in turn have a direct feedback effect on beta
cellmass. To test this hypothesis, insulin pelletswere implanted
subcutaneously to induce sustained hypoglycemia in mice,
which should mimic the in vitro low glucose culture environ-
ment. To test whether any effect on beta cell mass during sus-

tained hypoglycemia may be due to a reduced release of
VEGF-A by beta cells, we “rescued” some insulin-treated mice
with exogenous VEGF-A through continuous releasing pumps.
To exclude an independent beneficial effect of VEGF-A on beta
cell growth under normal glucose, we also included a control
with only exogenous VEGF-A pump treatment (no insulin pel-
let, Fig. 2A). Both untreated control mice and insulin-treated
mice received sham operations. Non-fasting blood glucose was
monitored and showed that all mice that received insulin pellet
treatment, regardless of implantation of VEGF-A releasing
pumps, developed sustained hypoglycemia during the 1 month
experiment (Fig. 2B). Exogenous VEGF-A did not affect the
glycemia of the mice. After 1 month the mice were sacrificed
and the pancreases were analyzed and quantified for beta cell
mass. Our data showed a 22% reduction (Fig. 2C; p � 0.01) in
beta cell mass in insulin-treated mice (0.89 � 0.03 mg) com-
pared with sham-treated mice (1.14 � 0.06 mg). The body
weights between the two groups had no significant difference.
These data suggest that sustained hypoglycemia is adequate to
reduce beta cell mass in vivo.
Exogenous VEGF-A Partially Rescued the Loss of Beta Cell

Mass during Sustained Hypoglycemia—Even though our in
vitro data clearly showed that low glucose significantly reduces

FIGURE 4. Beta cell proliferation was not affected by hypoglycemia regardless of exogenous VEGF-A supply. The percentage of pancreatic beta cells that
are positive for Ki-67, a cellular marker for proliferation, was quantified at 7, 14, and 30 days. A, Ki-67� beta cell percentages across all four experimental
conditions were consistent (no difference). B, representative immunofluorescent images of mouse pancreas at day 7 (D7), 14 (D14), and 30 (D30) are shown:
insulin (INS) in green; Ki-67 in red, and Hoechst (HO) in blue. NS, no significance. Scale bars are 50 �m.
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VEGF-A release by beta cells, and can further reduce Vegf-A
transcription in beta cells when the low glucose exposure per-
sists for greater than 24 h, we tried to confirm that VEGF-A
synthesis by beta cells is indeed reduced in our in vivo hypogly-
cemia model. We used LCM (Fig. 3A), rather than FACS, to
isolate beta cells fromMIP-GFP mouse pancreas sections after
the mice were treated for 1 week with insulin-pellets. We used
LCM because of the concern that the Vegf-A gene is highly
hypoxia-sensitive, and its transcription may quickly change
during the pancreas digestion process necessary for FACS. On
the other hand, LCM allows prompt fixation of the cells and
may better reflect the actual Vegf-AmRNA levels in beta cells.
Beta cells isolated by LCMwere checked for transcription levels
of Amalyse, CK19, Vimentin, CD31, Glucagon, Somatostain,
and Pancreatic polypeptide to confirm the absence of contam-
ination, and for insulin transcripts to confirm enrichment (Fig.
3B). Our data showed that Vegf-A transcript levels were signif-
icantly reduced in beta cells from insulin pellet-treated mice
compared with controls (Fig. 3B), confirming that insulin-in-
duced hypoglycemia indeed reduced VEGF-A synthesis in beta
cells, similar to what we found in vitro.

Next, we examinedwhether the reduction of beta cellmass in
hypoglycemic mice is due to reduced release of VEGF-A. We
found that the beta cell mass of insulin-treated mice that also

received VEGF-A pumps (Fig. 2C, 0.99 � 0.03 mg) was signifi-
cantly greater (p � 0.05) than that of mice that only received
insulin pellets (0.89� 0.03mg), rescuing roughly half of the lost
beta cell mass, but still lower (p� 0.05) than sham-treatedmice
(1.14 � 0.06 mg). Importantly, exogenous VEGF-A pumps
alone did not affect beta cell mass in normoglycemic mouse
controls (1.10� 0.05mg, no significance). This partial rescue of
the reduction of the beta cell mass by exogenous VEGF-A sug-
gests that the reduction of endogenousVEGF-A release directly
leads to loss of beta cell mass during sustained hypoglycemia.
Partial rescue, rather than complete rescue, may reflect either
an inadequate supply of VEGF-A, or that other factorsmay also
play a role in the beta cell mass adaptation during sustained
hypoglycemia.
Beta Cell Proliferation Was Not Affected by Hypoglycemia,

Regardless of Exogenous VEGF-A Supply—As adult beta cell
mass is determined by a balance of beta cell proliferation and
apoptosis, we first examinedwhether beta cell proliferationwas
altered in our experimental groups. Therefore, the percentage
of the pancreatic beta cells that were positive for Ki-67 (32), a
cellular proliferation marker, was quantified at 7, 14, and 30
days. Our data show that Ki-67� beta cell percentages did
not change across all groups during the experiment (Fig. 4, A
and B). These data suggest that reduced beta cell mass under

FIGURE 5. Apoptosis of islet endothelial cells precedes apoptosis of beta cells during sustained hypoglycemia, and can be prevented with exogenous
VEGF-A. A-C, pancreases from mice treated with insulin pellets (INS, green), combined insulin pellets and VEGF-A pump (INS � VEGF-A, purple), untreated sham
controls (Sham, blue), and VEGF-A only controls (VEGF-A, red) were analyzed at 7, 14, and 30 days for apoptotic islet endothelial cells and beta cells. A, the
percentage of islet vessels that contained caspase 3� endothelial cells (CD31�) was quantified and showed an increase (p � 0.05) at days 7 and 14, but reverted
to normal at day 30 after insulin pellet treatment. This apoptosis of endothelial cells can be completely prevented by exogenous VEGF-A. The percentage of
caspase 3� beta cells was also quantified and showed no change at day 7 after insulin pellet treatment, compared with controls. However, this percentage
increased by day 14. Similarly, beta cell apoptosis was significantly reduced by exogenous VEGF-A. B, representative immunofluorescent images of mouse
pancreas from different time points (D7, D14, and D30) after insulin pellet treatments are shown: CD31 in red, insulin (INS) in blue, caspase 3 in green, and nuclei
staining (Hoechst, HO) in gray. Arrows point to caspase 3� CD31� cells and arrowheads point to caspase 3� INS� cells. Casp3, caspase 3; EC, endothelial cell. *,
p � 0.05; NS, no significance. Scale bars are 50 �m.
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sustained hypoglycemia is not due to decreased beta cell
proliferation.
Apoptosis of Islet Endothelial Cells Precedes Beta Cell Loss in

Sustained Hypoglycemia—Because beta cell proliferation was
not affected by hypoglycemia, the reduction of beta cell mass
would likely be due to increased apoptosis of beta cells. Because
the major target of VEGF-A released by beta cells is islet endo-
thelial cells, the adaption of beta cell mass under hypoglycemia
may be secondary to the effect of reduced VEGF-A release on
endothelial cells, e.g. reduced endothelial cell survival. Thus, we
checked apoptosis of endothelial cells and beta cells under all
experiment conditions at 7, 14, and 30 days. The percentage of
islet vessels that contained apoptotic caspase 3� endothelial
cells and the percentage of apoptotic beta cells were quantified.
Our data show that apoptotic islet endothelial cells increased
significantly at day 7, persisted at day 14, but reverted to normal
by day 30 (Fig. 5, A and B). On the other hand, the increase in

apoptotic beta cells could only be detected by day 14 (Fig. 5, B
and C). This time window for the presence of apoptotic cells
suggests a causative link between apoptosis of endothelial cells
and apoptosis of beta cells, which is strengthened by the fact
that exogenous VEGF-A prevented apoptosis of endothelial
cells and also reduced apoptosis of beta cells (Fig. 5A).
Islet Vessel Density Was Not Affected by Hypoglycemia

Regardless of Exogenous VEGF-A Supply—Next, we evaluated
islet vessel density. If our hypothesis is correct that loss of endo-
thelial cells affects the survival of beta cells, then the vessel
density in islets should be relatively stable across all experimen-
tal groups. If, however, islet vessel density decreases under
hypoglycemia, it might suggest that beta cells can survive after
the loss of nearby islet endothelial cells, and thus beta cell mass
is not strictly regulated by feedback from endothelial cells in
this model. We found consistent islet vessel density among all
four experimental conditions (Fig. 6, A and B), supporting our

FIGURE 6. Quantification of islet vessel density and average islet size. A and B, islet vessel densities were measured under all experimental conditions and
evaluated with the ratio of islet CD31� cell area to synaptophysin� cell area. Synaptophysin is a pan-endocrine cell marker. A, representative immunofluores-
cent images of mouse pancreas at day 30 were shown: CD31 in green and synaptophysin in red. B, the islet vessel densities were consistent (no difference)
across all four experimental conditions. C, average islet size was measured among all four experimental conditions, showing a significant decrease in insulin-
treated mice, which was prevented with exogenous VEGF-A. *, p � 0.05; NS, no significance. Scale bars are 50 �m.
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hypothesis that a reduction in VEGF-A release by beta cells
leads to a loss of islet endothelial cells which, in turn, leads to a
proportionate loss of beta cells.
Average Islet Size Was Reduced by Hypoglycemia and Pre-

served by Exogenous VEGF-A—Finally, we evaluated islet num-
ber and size.We did not find a change in islet number across all
experiment conditions, but saw an approximate 22% reduction
in average islet size with hypoglycemia, consistent with the
measured reduction of beta cell mass. Importantly, this
decrease in average islet size was prevented by exogenous
VEGF-A (Fig. 6C). These data support our previous finding that
loss of beta cell mass by hypoglycemia results from loss of some
beta cells in the islets. Exogenous VEGF-A itself did not signif-
icantly change islet size (Fig. 6C) in normoglycemic mice, con-
sistent with our previous data that VEGF-A does not signifi-
cantly increase beta cell proliferation (Fig. 5).

DISCUSSION

VEGF-A expression by beta cells has been shown to be
important for proper pancreatic organogenesis and proper
insulin secretion (1, 2, 6, 19, 20). However, most rodent studies
on VEGF-A in beta cells were based on either gene deletion or
on overexpression under a strong promoter in beta cells (7, 19,
23). However, the physiological effects of VEGF-A are dosage-
dependent over a narrow physiologic range (2, 3, 27, 28).More-
over, inactivation of only one allele of Vegf-A results in embry-
onic lethality at mid-gestation (38, 39), whereas a 2-fold
increase in Vegf-A levels also leads to embryonic lethality (40).
Therefore, it appears that the nonphysiological Vegf-A levels in
these transgenic models may considerably diminish the power
of these studies. Indeed, we found that the promoter activity of
insulin is much stronger than Pdx1 in beta cells, and is more
than 2000-fold stronger than the Vegf-A promoter in beta cells
(not shown), which suggests that expression of Vegf-A under
either the insulin promoter or the Pdx1 promoter may produce
supraphysiologic, and potentially biologically irrelevant levels
of Vegf-A in beta cells, possibly explaining some of the discrep-
ancies among these studies (18, 23–25). In addition, such dele-
tion or extremeoverexpression ofVegf-Amay activate compen-
satory pathways or change the expression of other VEGF family
members, with the occurrence of the latter having been clearly
demonstrated (8). In the current study, we chose to study only
beta cells from wild-type or reporter mice without interfering
genetic modifications, hopefully providing more physiologi-
cally relevant information for understanding VEGF-A regula-
tion in beta cells. Our dosage of exogenous VEGF-A was close
to normal physiological replacement values, and should not
lead to significant side effects (2, 3).
We first found a reduction in VEGF-A release from cultured

islets or beta cells specifically early on during exposure to low
glucose culture conditions, and thus we hypothesized that
reduced VEGF-A release under hypoglycemia from beta cells
may affect beta cell mass, as a feedback of an influence on the
survival of islet endothelial cells. To test this hypothesis, we
gave mice insulin pellets to induce sustained hypoglycemia.
The environment of beta cells in this insulin-induced hypogly-
cemia model should mimic the low glucose culture conditions
of beta cells we used in vitro. To further confirm our findings,

we isolated beta cells by LCM and found that Vegf-A mRNA
levels in beta cells indeedwere decreased in hypoglycemia. Fur-
thermore, we showed that beta cell mass during hypoglycemia
was reduced by 22% at 1 month. This reduction may be partic-
ularly significant in that it did not involve any genetic modifi-
cation, and beta cell mass is normally tightly regulated (41).
Importantly, this reductionwas largely due to reducedVEGF-A
signaling because the loss of beta cellmass was partially rescued
by exogenous VEGF-A. Of note, apoptotic endothelial cells
were seenwell before apoptotic beta cells during hypoglycemia,
and exogenous VEGF-A reduced the apoptosis of both endo-
thelial cells and beta cells, suggesting that the loss of endothelial
cells could result from reduced VEGF-A release from beta cells,
and the loss of endothelial cells may contribute to the subse-
quent reduction in beta cell mass. Moreover, no change in beta
cell proliferation was detected in any experimental conditions,
suggesting that down-regulation of beta cell mass under sus-
tained hypoglycemia is primarily due to increased beta cell apo-
ptosis rather than deceased beta cell proliferation. A strong
relationship between the amount of islet vasculature and beta
cell mass was further manifested by the fact that vessel density
remained constant and that the reduction in islet size during
hypoglycemia was prevented by VEGF-A replacement.
Reduced beta cell mass as a result of a hypoglycemia-induced

reduction in VEGF-A release may have implications for both
beta cell development and beta cell biology. Beta cell mass is
well known to change with body weight, insulin demand, and
other physiological parameters (42), including blood glucose
levels. Themolecular basis for this adaptation is not completely
understood. From our study it appears that the cross-talk
between islet endothelial cells and beta cells is an important
regulator of beta cell mass, with VEGF-A being a key compo-
nent of the cross-talk. Our study thus suggests a novel pathway
for beta cell mass adaptation to metabolic changes (Fig. 7).
Future studies might focus on the control of VEGF-A release

FIGURE 7. Hypoglycemia regulates beta cell mass via modulated VEGF-A
release. A model of how beta cell mass is regulated by hypoglycemia via
VEGF-A is proposed. Oxygen tension is the major regulator for Vegf-A tran-
scription in pancreatic beta cells. Hypoxia can greatly increase Vegf-A tran-
scription. However, glucose can regulate VEGF-A release from beta cells
before the adaptation of Vegf-A transcription occurs. Hypoglycemia can
reduce VEGF-A release, resulting in a decrease in survival of neighboring islet
endothelial cells, which subsequently leads to a secondary loss of beta cells.
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during islet development and under other physiological condi-
tions when changes in beta cell mass occur, such as pregnancy.
Our study improves the understanding of cross-talk between
endothelial cells and beta cells, and thus provides new insights
into the regulation of functional beta cell mass in diabetic
patients.
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